Catalytic amounts of ruthenium (II) catalyzed the efficient cross aldol reactions of aryl alkyl ketones with aromatic and heteroaromatic aldehydes without the presence of any dehydrated product. The resulted conditions led to the corresponding aldol products in moderate to good yields. Under microwave irradiation, the reaction conditions were improved.
Introduction
Transition metal-catalyzed (C-C) bond-forming reactions have received considerable attention in organic chemistry. 1 Much effort has been devoted to develop more convenient and efficient strategies for the formation of C-C bonds. The aldol reaction is one of the most powerful methods for the formation of C-C bonds in organic synthesis. [2] [3] [4] The aldol products constitute the backbone of many important drugs and other bioactive molecules. The frequent occurrence of a β-hydroxyl carbonyl moiety in a variety of natural products has stimulated the development of synthetic methods for the preparation of these compounds. However, under the classical aldol reaction conditions, dimerization, polymerization, and self-condensation also occur. 5 To avoid such competing processes, an important modification of the classical aldol reaction has been developed by treating enol silyl ethers with carbonyl compounds in the presence of Lewis acids ( the Mukaiyama aldol reaction ). 6 A highly efficient formation of β-hydroxy ketones via vanadium-catalyzed coupling of propargyl alcohols with aldehydes has been reported. 7 Recent developments also include hydrometallation-aldol 8 and C-H activation-aldol reactions of carbonyl compounds. 9, 10 Gree and co-workers recently reported the isomerization of allylic alcohols to enols catalyzed by Fe(CO) 5 under photolytic conditions, which then reacted with aldehydes to give aldol products (in
Results and Discussion
The study of the aldol reaction is actively pursued in order to improve the reaction conditions and to extend the scope and applicability of this type of reaction. We herein report the Ru II efficiently catalyzed intermolecular aldol reaction of aromatic and heteroaromatic aldehydes with aryl alkyl ketones. In this method in contrast to the conventional synthesis which frequently requires high loading or stoichiometric quantities of catalyst, 14 small amounts of catalyst were used in all cases. Therefore, the reaction not only allows the reduction of waste but also results in the diminution of costs. It is worth noting that aldol products were stable under the reaction conditions and no reversibility was observed. Also the formation of significant amounts of the aldol condensation product 15 and aldehyde self-aldolization were completely suppressed. Therefore, in this method, no side products of catalytic aldol reactions were found and the corresponding aldol products were obtained in good yields. Also, the operational simplicity of this protocol and mild reaction conditions, are the advantages of this method to the other methods used for the reaction of aryl alkyl ketones and aldehydes. The reaction could be extended to some aryl alkyl ketones such as acetophenone (2a), 4-methyl acetophenone (2b), propiophenone (2c), and in each case, the aldol products (3aa-3fc) were obtained in moderate to good yields. In the case of (2c), a diastereomeric mixture was obtained (dr = 43:57, 42:58, 40:60 for (3cc), (3dc), (3ec); 47:53 for (3bc) and (3fc) respectively) (entries 7-11 of the Table 1 ). Typical results of the ruthenium-catalyzed aldol reactions of aromatic and heteroaromatic aldehydes and aryl alkyl ketones, under optimized reaction conditions, are shown in Table 1 . Treatment of aldehydes (1 mmol) with ketones (1 mmol) in the presence of RuCl 2 (PPh 3 ) 3 catalyst (2 mol%) and KOH (0.8 mmol) in dioxane (2 mL) at 80˚C gave the corresponding β-hydroxy ketones in moderate to good yields.
Both aromatic and aliphatic aldehydes were used as the carbonyl partner in the reaction system. In the case of aliphatic aldehydes the reactions were slow and did not readily go to completion. A proposed mechanistic pathway for the aldol reaction is presented in Scheme 1. The mechanism involving ruthenium enolates which can be trapped by an aldehyde to give the aldol product, is proposed. In order to rationalize the proposed mechanism, "blank" experiments were tested on substrates 1b and 1d (entries 2 and 5 of the Table 1 ) without using ruthenium catalysis. In all cases, the reaction produced the aldol products in much lower yields and with much longer reaction times, along with dehydrated products and self-condensation. Because of these drawbacks, it should be the cooperation of catalyst and base, which led to the effective catalytic activity of our reaction system.
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Ru enolate
Scheme 1
Finally, as shown in Table 1 , we decided to overcome the problem of somehow prolonged reaction times using microwave irradiation. A mixture of aldehydes (1 mmol), ketones (1 mmol), base (0.8 mmol) and 2 mol% of the catalyst was dissolved in the minimum amount of solvent and irradiated in a 160 W microwave oven in an open vessel and the progress of the reaction was monitored by TLC. After the indicated reaction time (1-2.5 min), the crude mixture was purified by preparative TLC (12:3, petroleum ether/ethyl acetate) and provided the desired products. Generally, the products were produced without the formation of dehydrated products. These results revealed the potential application of microwave irradiation in the promotion of the catalyzed reaction.
In conclusion, in continuation of our recent work on the catalytic reactivity of ruthenium, 17 this procedure extends the methodology of ruthenium-catalyzed aldol reactions including reactions of aldehydes and aryl alkyl ketones. The cooperation of catalyst and base, which led to the effective catalytic activity of our reaction system is believed to be the key of the reaction. To the best of our knowledge, this is the first report on the formation of aldol adducts with heteroaromatic aldehydes using ruthenium (II) as catalyst. The ruthenium seems an efficient catalyst since as little as 2 mol % is enough to efficiently catalyze cross aldol reaction. In this method, the catalyst is easy to prepare and the reaction occurs under mild conditions. Also, the operational simplicity of this protocol, the ease of work-up and the small amount of waste are advantages of this protocol. More importantly, there is no dehydrated product produced in all cases. However, diastereoselectivity toward one diastereoisomer remains a challenging object. Further investigations focusing on the full scope of this method are currently in progress in our laboratory.
Experimental Section
General Procedures. IR spectra were recorded on Shimadzu FTIR-8400S spectrometer. organic and inorganic compounds were purchased from Merck and used without further purification.
Typical method. To a solution of the aldehyde (1 mmol) and ketone (1 mmol) in dioxane (2 mL), RuCl 2 (PPh 3 ) 3 (19.0 mg, 0.02 mmol) and KOH (0.8 mmol) were added. The resulting mixture was allowed to react at 80˚C and monitored by TLC. After the indicated reaction time (Table 1) , the reaction mixture was cooled to room temperature and purified by thin layer chromatography on Silica Gel (petroleum ether/ethyl acetate 12:3) to give the corresponding aldol. For microwave reactions, irradiation was conducted in an open vessel in a 160 W microwave oven. 
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